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Abstract 
Pure amorphous carbon (a-C) and nitrogen doped amorphous carbon (a-C: N) thin films were prepared using Thermal Chemical Vapor 
Deposition (CVD) with deposition temperature ranging from 5000C to 6500C using camphor (C10H16O) as a precursor from natural 
source. The physical and optical properties of deposited a-C and a-C: N thin films were characterized by UV-Vis-NIR spectroscope and 
Raman spectroscope. The presence of 2 peaks known as Raman D peaks and Raman G peaks ensure the amorphous structure of carbon 
(C). Raman ID/IG ratio for both pure and nitrogen doped a-C as deposition temperature increase indicates more graphitic structure in high 
temperature of a-C and a-C: N. Highest transmittance indicated at thin film with lowest deposition temperature (500oC) and vice versa. At 
visible range (390 nm to 790 nm) the transmittance exhibit high transmittance of above 80% at low temperature (500 and 550). However, 
at high temperature (600 and 650) transmittance is low (30% - 70%). The absorption coefficient,  for both a-C and a-C: N is reported to 
be ~x105 cm-1. From Tauc’s plot, optical band gap (Eg) was determined and Eg found to decrease as deposition temperature increased 
from 0.2 to 0.9 eV for pure a-C and 0.2 to 0.75 eV for nitrogen doped a-C. 
© 2012 The authors, Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Bangladesh Society 
of Mechanical Engineers 
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Nomenclature 
CVD chemical vapour deposition 
a-C amorphous carbon 
a-C:N nitrogen doped amorphous carbon 
FWHM full width at half-maximum 
ID/IG ratio of D-peak intensity to G-peak intensity 
absorption coefficient 
1. Introduction 
Amorphous carbon (a-C) consists of diamond like sp3 and graphite like sp2 carbon bonding ratio thus possess excellent 
mechanical such as superior hardness and excellent wear resistance [1]. a-C has low friction coefficients and provides 
protection for the counter parts [2] thus is suitable not only for typical mechanical applications such as in protective coating, 
wear resistant coating and antireflective coating but for optical application as well [3]. Amorphous carbon (a-C) has 
semiconducting nature which is able to accept dopants [4], wide  band gap from 0.0 eV to 5.5 eV [5] and tunable band gap 
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by adjusting the sp2 and sp3 of carbon bonding ratio[6] by doping techniques on the a-C thin films which is weakly p-type in 
nature. To the best of our knowledge, the properties of a-C are strongly dependent on the deposition condition such as the 
deposition temperature. Carbon films which consist of varying proportion of sp3 and sp2 bonded in a-C can be obtained. For 
the case of a-C with sp3-coordinated carbon, it has four in-plane  bonds whereas for a-C with sp2-coordinated carbon, it has 
three  bonds and one  bonds. Between the filled bonding state (  and ) and empty anti bonding state ( * and *), the 
photon assisted electronic transition occurred [7]. Since the  state is localized it has inconsistent bond between any other 
allotrope in a-C.  state also has weaker bond and lies closer to Fermi level (Ef) than the  state. Thus  states form the 
valence band edge and * states form the conduction band edge thus clarify that the  and * controlled the optical gap size. 
So by controlling the sp2 and sp3 ratio, the properties of a-C is controllable. 
Nitrogen doped amorphous carbon (n-C:N) is reported as a conductive material for electrical analysis. Several 
advantages include a low background current, a large potential window and inertness in chemically aggressive environments 
[8]. In pursuit of producing high electrical conductivity of a-C, doping was introduced. Nitrogen (N) incorporated a-C 
shows better electrical conductivity and high photoconductivity [9]. Raman spectroscopy is one way to determine the 
structural and phase disorder information of the a-C [10]. The first order of Raman spectra is a single sharp line at about 
1332 cm-1 for diamond and at 1350 cm-1 for defective graphite (D peak). The main peak centered at 1580 cm-1 indicates the 
monocrystalline graphite (G peak). In this paper the Raman scattering studies on pure a-C and a-C: N were studied to 
understand the structural properties and improvement of a-C when doping is introduced, supported by optical investigation 
by UV-vis-Nir spectroscope. 
 
 
2. Methods 
 
The properties of carbon films depend not only to the deposition condition but the starting precursor as well. For various 
kinds of deposition process, graphite target is commonly used for the preparation of carbon-based materials. However 
camphor (C10H16O) which consists both sp2 and sp3 carbon is an attracting new material for carbon-based preparation since 
graphite has only sp2 carbon. Pure amorphous carbon (a-C) and nitrogen doped amorphous carbon (a-C: N) thin films were 
prepared using Thermal Chemical Vapor Deposition (CVD) system. The system consists of a cylindrical quartz tube inside 
a 2 furnace system CVD to create a deposition environment for the a-C. Camphor oil was chosen as the precursor and 
Argon (Ar) gas and Nitrogen (N2) gas as the carrier gas and dopant gas respectively on a well cleaned corning glass.  
The glass substrates have been cleaned in acetone (C3H6O) followed by methanol (CH3OH) for 10 min respectively 
using an ultrasonic cleaner (Power Sonic 405) to eliminate contaminations. Finally the substrate was blow with nitrogen gas 
(N2). The precursor was placed at furnace one and substrate was hold horizontal inside furnace two. In order to ensure the 
cleanliness of the quartz tube before the deposition process starts, the quartz tube was purged with Ar gas for 15 minutes. 
Temperature of the furnace two was elevated from room temperature to desired deposition temperature (5000C to 6500C) 
under argon atmosphere whereas furnace one is kept constant at 2000C. Deposition process was carried out for 30 minutes 
and for doping process, the Ar gas was replaced by N2 gas. The flow rate was set at 30 bubbles /minute with the gas 
pressure 213 Bar/3062 Psi. For structural and optical characteristic, Raman spectroscope and Perkin Elmer Lambda 750 
UV-vis-NIR spectroscope were used for the characterization process.  
 
 
3. Results and discussion 
Raman spectra were investigated by Raman spectroscope at room temperature and the samples were scanned in the 
range of 1000 to 1800 cm-1 for pure a-C and a-C:N deposited from 500-650oC. Due to the structural sensitivity, Raman 
analysis is widely used for the analysis of carbon and carbon related materials such as the amorphous carbon. Figs. 2 and 3 
displayed the Raman shift for a-C and a-C: N respectively, using the same scale. Two asymmetric peaks at around 1350 cm-
1 and 1590 cm-1 were obtained for both cases which are typical for a-C as reported by others [11-15]. Raman peak at 1590 
cm-1 is known as G-peak and corresponds to the active mode in mono-crystalline graphite while for Raman peak at 1350 
cm-1 known as D-peak is related to the disorder in the carbon which appears in microcrystalline or defective graphite. The 
G-peak appears from the Raman allowing the E2g mode and the D-peak results from grain boundary effect [15]. The G-
mode also involves the in-plane bond stretching vibration of any pair of sp2 whereas the D-peak is A1g symmetry involves 
the sp2 inside the ring only [16]. In other words, D-band is said to correspond to the defects associated with the vacancies 
and the presence of other carbonaceous impurities that destroys the graphitic symmetry of the G-band [17, 18]. 
The peak position, the full width at half-maximum (FWHM) and the integrated intensity ratio of the two peaks (ID/IG) 
are obtained from the Gaussian fittings. As can be seen from Figs. 1 and 2, the samples have increasing intensity as 
temperature increases and gradually grow splitter. From both graphs for Raman spectra, it was indicated that the increase in 
intensity is due to increase in thickness (45 to 84 nm for undoped and 40 to 70 nm for nitrogen doped) of the films [11]. For 
undoped samples, D-peak position starts from 1363 cm-1 at 500oC and moves slightly to the lower wave number up to 1355 
745 A.N. Fadzilah et al. /  Procedia Engineering  56 ( 2013 )  743 – 749 
cm-1 at 650oC. On the other hand, the G-peak shifts to higher wave number from 1568 to 1592 cm-1 and becomes narrower 
as the temperature increases (FWHM decrease). The D-peak however becomes wider as temperature increases (FWHM 
increase). As can be seen, at temperature 600oC the G-peak FWHM is the narrowest (83.30 cm-1) and this indicates the 
increase of crystallinity and graphitization in the C-C phase of the deposited films, similar to the DLC and CNT films [19, 
20].  
For doped samples, D-peak position starts from 1368 cm-1 at 500oC and moves slightly to the lower wave number up to 
1350 cm-1 at 650oC.  However for the G-peak of a-C: N the position does not appear to follow the same trend as pure a-C 
and it roughly keeps on the same position at ~1592-1596 cm-1 while the intensity increases. The behaviour has proven the 
increased of sp2 carbon bonding as temperature increases [21]. Beeman et al. [22] in the theoretical model of a-C explains 
that the raman G-peak position is the measure of sp2 fraction of carbon bonding and will be downshifted with increasing sp3 
fraction of carbon bonding. The broad band structure of the films suggests the amorphous behaviour of the films. The same 
trend of FWHM follows in the a-C: N where G-peak becomes narrower as the temperature increased (FWHM decrease – 
75.89 cm-1) and vice versa for the D-peak up to 600oC. As for the higher temperature of 650oC in both undoped and nitrogen 
doped cases, the FWHM of the G-peak becomes slightly wider and this might be due to the increasing in defect structure. 
Details on the Raman value were tabulated in tables 1 and 2 for numerical comparison.  
From the two Gaussian peaks, the Raman ID/IG ratio was calculated as shown in tables 1 and 2 for pure a-C and a-C: N 
respectively. For pure a-C, the ID/IG ratio reduces from 0.86 to 0.70 (deposition temperature 450oC to 600oC) but rose 
slightly to 0.76 when deposition temperature is higher, 650oC. The same tendency was observed at a-C: N with the highest 
ID/IG ratio is 0.82 and reduced to 0.66 at 600oC. However, the ID/IG ratio increases to 0.73 at 650oC. Lowest ID/IG ratio at 
600oC is an evidence for high crystallinity of a-C [23] together with lowest FHWM of G-peak as discussed before. Thus it is 
concluded that lower ID/IG ratio when N doping was introduced is due to the graphitization of a-C. The deposition rate was 
derived from the ratio of the film thickness to the deposition time (30 mins) by averaging the thickness measured for five 
times using surface profiler at different locations. For both undoped and doped samples, the deposition rate increase as 
deposition temperature increase, which was from 1.33 to 2.8 nm/min for undoped and 1.03 to 2.5 nm/min for nitrogen 
doped a-C. The increase in the deposition rate is attributed to the higher deposition temperature where the thickness 
increases.  
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Fig 1. Raman shift for pure a-C 
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Fig 2. Raman shift for a-C:N 
 
 
     Table 1. Details on Raman value for pure a-C  
 
Deposition 
temperature 
(oC) 
D 
position 
(cm-1) 
D 
FWHM 
(cm-1) 
G 
positin 
(cm-1) 
G 
FWHM 
(cm-1) 
ID/IG 
ratio 
Rate 
(nm/mi
n) 
500 1363 217.88 1569 122.56 0.83 1.50 
550 1356 257.02 1597 84.52 0.77 2.10 
600 1358 269.99 1596 83.30 0.70 2.33 
650 1355 313.90 1592 84.06 0.78 2.80 
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      Table 2. Details on Raman value for a-C:N 
Deposition 
temperature 
(oC) 
D 
position 
(cm-1) 
D 
FWHM 
(cm-1) 
G 
position 
(cm-1) 
G 
FWHM 
(cm-1) 
ID/IG 
ratio 
Rate 
(nm/mi
n) 
500 1368 238.70 1596 93.50 0.73 1.33 
550 1365 238.40 1598 88.41 0.71 1.83 
600 1356 259.38 1598 75.89 0.66 2.00 
650 1350 291.39 1592 80.85 0.73 2.50 
 
The optical properties were investigated by a Perkin Elmer LAMBDA 750 UV-vis-NIR spectroscope measurement for 
the a-C thin films deposited on the quartz substrates. Figs. 3(a) and (b) show the optical transmittance versus wavelength of 
the a-C thin films deposited at different deposition temperatures for pure a-C and a-C:N. It is observed that in both undoped 
and doped cases, the optical transmittance had a high value (>80%) at the visible range 3 (1.56 to 3.18 eV) for 500oC and 
550oC. At 600oC and 650oC, the transmittance reduces to 60% and 40% respectively. However, a-C: N has slightly higher 
transmittance compared to pure a-C. The high transmittance could be explained to be related to the reduction of the sp2 
phase in the film, which absorbs the visible wavelength range [24].  
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Fig. 3. Transmittance spectrum for (a) pure a-C (b) a-C:N 
 
The absorption coefficient ( ) was calculated by the optical transmittance spectra of the film and the film thickness 
data, which indicates the measurement on how far the light with a specific wavelength or energy can penetrate into the thin 
film before being absorbed by that film. The  of a-C thin films could be calculated by Lambert’s Law using  
 
)
T
ln(
t
11               (1) 
 
where t is the thickness and T is the transmittance of the film. Fig. 4 shows the variation of the absorption coefficient as a 
function of photon energy. Absorption coefficient at low energy is higher compared to the high energy, and further 
discussion on this phenomena can be related to the - * transition. Inside a-C, there are localized  electrons and the bonds 
between the  electron is inconsistent with any other allotrope of carbon. On the other hand, a-C contains high concentration 
of dangling bonds, which will affect the band gap value. Thus, since the localized  electrons play an important role in 
determining the optical properties of a-C, due to the reduced spatial overlapping of  and  states wave overlapping, the 
contribution of - * and - * can be neglected [25, 26]. The optical band gap of pure a-C and a-C:N thin film was deduced 
using the Tauc plot [27] as shown in Figs. 5(a) and (b) in the absorption region ( ~105-106 cm-1). The similar  value had 
also been reported for a-C deposited by surface wave microwave plasma CVD (~102-105 cm-1) [28, 29], ion beam sputtering 
(~104-105 cm-1) [30].  
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Fig. 4. Absorption coefficient spectra for (a) pure a-C (b) a-C:N 
 
The optical band gaps (Eg) for amorphous semiconductors were obtained by Tauc relationship ( h )½ = B(Eg – h ), 
where  is the absorption coefficient, B is the Tauc parameter and h  is the photon energy. The intercept of the Tauc’s slope 
in the photon energy axis gives the optical gap, Eg. Highest band gap was noted at 500oC, 0.9 eV for undoped and 0.75 eV 
for N doped and the Eg decrease as temperature increase. The higher optical band gap at lower temperature is believed due 
to the increase in dangling bonds that leads to higher spin density and justifying the decrease in the grain size [31]. 
On the other hand, the decrease in Eg when doping is intoduced can be speculated that the N incorporation induced 
graphitization due to increase of sp2 and this is also responsible for reduction in ID/IG ratio in Raman measurement [5]. Thus, 
the narrow optical band gap investigated from the N incorporation is evidently results from the increase in / * electronic 
states on the sp2 graphitize sites.  From the Eg results, it is noted that there is a small gap between the valence and 
conduction band that the thermal or other excitations can bridge the gap. The interaction between the lattice phonons and the 
free electrons and holes will also affect the band gap to a smaller extended.  
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Fig. 5. Tauc plot for (a) pure a-C (b) a-C:N  
 
4. Conclusions 
 
Pure amorphous carbon (a-C) and nitrogen doped amorphous carbon (a-C: N) thin films were prepared using Thermal 
Chemical Vapor Deposition (CVD) with deposition temperature ranging from 5000C to 6500C using camphor (C10H16O) as 
a precursor from natural source. The structural properties of amorphous carbon (a-C) thin films with Nitrogen Incorporation 
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from Natural Source has been investigated using standard measurement techniques and the Raman analyses due to nitrogen 
incorporation are discussed. For both undoped and nitrogen doped samples, two asymmetric peaks at around 1350 cm-1 (D-
peak) and 1590 cm-1 (G-peak) were obtained for both cases which are typical for a-C. G-peak shifts to higher wave number 
from 1568 to 1592 cm-1 and becomes narrower as the temperature increases (FWHM decrease) indicates the increase of 
crystallinity and graphitization in the C-C phase. The D-peak however becomes wider as temperature increase (FWHM 
increase). The difference in intensity value from pure a-C and nitrogen doped a-C is due to the increasing sp2 phase when 
doping is introduced. Optical measurement results in high transmittance for sample at 500oC and 550oC, with high 
absorption coefficient value, ~105 - 106 cm-1. However, a-C: N has slightly higher transmittance compared to pure a-C. The 
high transmittance could be explained to be related to the reduction of the sp2 phase in the film, which absorbs the visible 
wavelength range. Further, the narrow optical band gap investigated from the N incorporation is evidently results from the 
increase in / * electronic states on the sp2 graphitize sites. 
 
Acknowledgment 
 
The authors would like to thank the Research Management Institute (RMI), Universiti Teknologi MARA (UiTM); and 
Ministry of Higher Education (MOHE); Malaysian Government for the financial support. 
References 
                                         
[1] C. W. Chen and J. Robertson, 2006. Surface atomic properties of tetrahedral amorphous carbon, Diamond and Related Materials, vol. 15, pp. 936. 
[2] V. Rigato, G. Maggioni, D. Boscarino, G. Mariotto, E. Bontempi, A. H. S. Jones, D. Camino, D. Teer, and C. Santini, 1999. Ion beam analysis and 
Raman characterisation of coatings deposited by cosputtering carbon and chromium in a closed field unbalanced magnetron sputter ion plating system, 
Surface and Coatings Technology, vol. 116- 119, pp. 580. 
[3] Y. S. Park and B. Hong, 2008. Characteristics of sputtered amorphous carbon films prepared by a closed-field unbalanced magnetron sputtering 
method, Journal of Non-Crystalline Solids, vol. 354, pp. 5504. 
[4] J. Podder, M. Rusop, T. Soga, and T. Jimbo, 2005. Boron doped amorphous carbon thin films grown by r.f. PECVD under different partial pressure, 
Diamond and Related Materials, vol. 14, pp. 1799. 
[5] S. M. Mominuzzaman, M. Rusop, T. Soga, T. Jimbo, and M. Umeno, 2006. Nitrogen doping in camphoric carbon films and its application to 
photovoltaic cell, Solar Energy Materials and Solar Cells, vol. 90, pp. 3238. 
[6] K. Abe and O. Eryu, 2006. Optical properties of amorphous carbon films implanted with nitrogen, Nuclear Instruments and Methods in Physics 
Research Section B: Beam Interactions with Materials and Atoms, vol. 242, pp. 637. 
[7] J. Besold, R. Thielsch, N. Matz, C. Frenzel, R. Born, and A. MÃbius, 1997. Surface and bulk properties of electron beam evaporated carbon films, 
Thin Solid Films, vol. 293, pp. 96. 
[8] A. Zeng, Y. Yin, M. Bilek, and D. McKenzie, 2005. Ohmic contact to nitrogen doped amorphous carbon films," Surface and Coatings Technology, 
vol. 198, pp. 202. 
[9] S. Liu, G. Wang, and Z. Wang, 2007. Study of the conductivity of nitrogen doped tetrahedral amorphous carbon films," Journal of Non-Crystalline 
Solids, vol. 353, pp. 2796. 
[10] Diane S. Knight and William B. White, 1989. Characterization of diamond films by Raman spectroscopy, Journal of Materials Research, vol. 4 , pp 
385. 
[11] T.-L. Sung, Y.-A. Chao, C.-M. Liu, K. Teii, S. Teii, and C.-Y. Hsu, 2011. Deposition of amorphous hydrogenated carbon films on Si and PMMA by 
pulsed direct-current plasma CVD, Thin Solid Films, vol. 519, pp. 6688. 
[12] S. Adhikari, D. C. Ghimire, H. R. Aryal, S. Adhikary, H. Uchida, and M. Umeno, 2006. Boron-doped hydrogenated amorphous carbon films grown 
by surface-wave mode microwave plasma chemical vapor deposition, Diamond and Related Materials, vol. 15, pp. 1909. 
[13] X. R. Deng, Y. X. Leng, X. Dong, H. Sun, and N. Huang, 2011. Effect of hydrogen flow on the properties of hydrogenated amorphous carbon films 
fabricated by electron cyclotron resonance plasma enhanced chemical vapor deposition, Surface and Coatings Technology, vol. 206, pp. 1007. 
[14] H. Liang, L. Delian, C. Xian, Y. Li, and Z. Yuqing, 2011. The deposition of a thick tetrahedral amorphous carbon film by argon ion bombardment, 
Applied Surface Science. 
[15] A. M. M. Omer, S. Adhikari, S. Adhikary, M. Rusop, H. Uchida, M. Umeno, and T. Soga, 2006. Iodine doping in amorphous carbon thin-films for 
optoelectronic devices, Physica B: Condensed Matter, vol. 376, pp. 316. 
[16] S. Prawer, K. W. Nugent, Y. Lifshitz, G. D. Lempert, E. Grossman, J. Kulik, I. Avigal, and R. Kalish, 1996. Systematic variation of the Raman 
spectra of DLC films as a function of sp2:sp3 composition, Diamond and Related Materials, vol. 5, pp. 433. 
[17] S. A. Mohd Zobir, S. Abu Bakar, S. Abdullah, Z. Zainal, S. H. Sarijo, and M. Rusop, 2012. Raman Spectroscopic Study of Carbon Nanotubes 
Prepared Using Fe/ZnO-Palm Olein-Chemical Vapour Deposition, Journal of Nanomaterials, vol. 2012. 
[18] S. Kamikura, T. Uchida, K. Naka, T. Asaji, H. Uchiyama, and Y. Yoshida, 2011. Single-walled carbon nanotube growth using cobalt nanoparticles 
prepared by vacuum deposition on a surface-active liquid, Diamond and Related Materials, vol. 20, pp. 863. 
[19] S. M. Mominuzzaman, K. M. Krishna, T. Soga, T. Jimbo, and M. Umeno, 2000. Raman spectra of ion beam sputtered amorphous carbon thin films 
deposited from camphoric carbon, Carbon, vol. 38, pp. 127. 
[20] M. Rusop, T. Soga, T. Jimbo, 2005. Investigation of structural properties of amorphous carbon nitride thin films prepared by xenon cloride pulsed 
laser deposition of camphoric carbon precursor, Journal of Material Science, vol. 16, pp. 367. 
[21] M. Rusop, A. Omer, S. Adhikari, S. Adhikary, H. Uchida, T. Soga, T. Jimbo, and M. Umeno, 2006. Effects of annealing temperature on the optical, 
bonding, structural and electrical properties of nitrogenated amorphous carbon thin films grown by surface wave microwave plasma chemical vapor 
deposition, Journal of Materials Science, vol. 41, pp. 537. 
[22] D. Beeman, J. Silverman, R. Lynds, and M. R. Anderson, 1984. Modeling studies of amorphous carbon, Physical Review B, vol. 30, pp. 870. 
[23] Suriani Abu Bakar, Salina Muhamad, and Puteri Sarah Mohamad Saad, 2011. Effect of temperature on the growth of vertically aligned carbon 
nanotubes from palm oil, Defect and Diffusion Forums, vol. 312, pp. 900. 
[24] K. Chakrabarti, R. Chakrabarti, K. K. Chattopadhyay, S. Chaudhuri, and A. K. Pal, 1998. Nano-diamond films produced from CVD of camphor,  
Diamond and Related Materials, vol. 7, pp. 845. 
[25] R. Gharbi, M. Fathallah, N. Alzaied, E. Tresso, and A. Tagliaferro, 2008. Hydrogen and nitrogen effects on optical and structural properties of 
749 A.N. Fadzilah et al. /  Procedia Engineering  56 ( 2013 )  743 – 749 
amorphous carbon,  Materials Science and Engineering: C, vol. 28, pp. 795. 
[26] G. Fanchini, S. C. Ray, and A. Tagliaferro, 2003. Density of electronic states in amorphous carbons," Diamond and Related Materials, vol. 12, pp. 
891. 
[27] T. J, 1968. Optical properties and electronic structure of amorphous Ge and Si, Materials Research Bulletin, vol. 3, pp. 37. 
[28] M. Rusop, S. Adhikari, A. M. M. Omer, T. Soga, T. Jimbo, and M. Umeno, 2006. Effects of methane gas flow rate on the optoelectrical properties 
of nitrogenated carbon thin films grown by surface wave microwave plasma chemical vapor deposition, Diamond and Related Materials, vol. 15, pp. 
371. 
[29] S. Adhikari, S. Adhikary, A. M. M. Omer, M. Rusop, H. Uchida, T. Soga, and M. Umeno, 2006. Optical and structural properties of amorphous 
carbon thin films deposited by microwave surface-wave plasma CVD, Diamond and Related Materials, vol. 15, pp. 188. 
[30] K. M. Krishna, Y. Nukaya, T. Soga, T. Jimbo, and M. Umeno, 2001. Solar cells based on carbon thin films, Solar Energy Materials and Solar Cells, 
vol. 65, pp. 163. 
[31] J. Podder, M. Rusop, T. Soga, and T. Jimbo, 2005. Boron doped amorphous carbon thin films grown by r.f. PECVD under different partial pressure,  
Diamond and Related Materials, vol. 14, pp. 1799. 
 
 
 
